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Purpose: To investigate pathophysiological consequences and spontaneous recovery 
after cavernous nerve crush injury (CNCI) in a rat model. 

Materials and Methods: Twenty 4-week-old male Sprague-Dawley rats were divided 
into the following groups: sham-operated group (n=10) and bilateral CNCI groups 
(n=10) for two different durations (12 and 24 weeks). At both time points, CN electrical 
stimulation was used to assess erectile function by measuring the intracavernous 
pressure. The expression of hypoxia inducible factor (HIF)-la and sonic hedgehog 
(SHH) was examined in penile tissue. Immunohistochemical staining was performed 
for nerve growth factor (NGF), endothelial nitric oxide synthase (eNOS), neuronal ni- 
tric oxide synthase (nNOS), and smooth muscle a-actin. 

Results: CNCI significantly decreased erectile function at 12 weeks (51.7% vs. 71.9%, 
mean ICP/BP ratio, p<0.05) and increased the expression of HIF-la and decreased 
the expression of eNOS, nNOS, and SHH. At 24 weeks, erectile function in the CNCI 
group was improved with no significant difference versus the sham group (70.5% vs. 
63.3%, mean ICP/BP ratio, p < 0.05) or the CN group at 12 weeks (51.7% vs. 63.3%, mean 
ICP/BP ratio, p < 0.05). By RT-PCR, the increase in HIF-la and decrease in SHH mRNA 
was restored at 24 weeks. By immunohistochemistry, the expression of eNOS and 
nNOS was increased at 24 weeks. 

Conclusions: CN injury induces significantly impaired erectile function and altered 
gene and protein expression, which suggests that local hypoxic and inflammatory proc- 
esses may contribute to this change. Significant spontaneous recovery of erectile func- 
tion was observed at 6 months after CN crush injury. 
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INTRODUCTION 

Neuropraxia is caused by a nerve that has been excessively 
strained during traction on the prostate, in an electro- 
cautery-related heat injury, in a devascularization-related 
ischemic injury, or during an inflammatory response. 
Cavernous nerve (CN) injury is caused partially by 
Wallerian degeneration; specifically, nerves attached to 
the corpus cavernosum are blocked and as a result the cor- 
pus cavernosal smooth muscle and tunica albuginea de- 
generate and atrophy. In an animal study, erectile dysfunc- 
tion was found to occur only by the exposure of the cav- 
ernous nerve without artificial intervention. This implies 



that even a minor nerve injury can affect penile erection 
[1]. Neuropraxia secondarily causes apoptosis in corpus 
cavernosal smooth muscle, a change in the ratio of smooth 
muscle to collagen, and the contraction of endotheliocytes 
and thus negatively affects the recovery of erection [2-4] . 

This study was undertaken to investigate physiologic 
changes caused by neuropraxia and the spontaneous recov- 
ery of erectility in a crush injury rat model [5,6]. 

MATERIALS AND METHODS 
1. Animals and methods 

This study was conducted on 20 male Sprague-Dawley rats 
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(DBL, South Korea) that were classified into 2 groups by 
tens, one to undergo sham operations (SH group) and the 
other to undergo surgery for their cavernous nerve crush 
injury (CNCI group). At 12 weeks post-injury, the experi- 
ments were performed on 5 rats in each group. Animals 
were raised under the same conditions before undergoing 
the experiments. 

In the CNCI group, ketamine (100 mg/kg) and xylazine 
(10 mg/kg) were injected into the abdominal cavity before 
the surgery, and body heat was maintained by using a heat- 
ing pad. The prostate was exposed, and the major pelvic 
ganglion lying in the dorsal prostate and the cavernous 
nerve were checked. A spot, which was 5 mm distant from 
the major pelvic ganglion, was then compressed with a 
curved hemostat for 30 s, 3 times, at intervals of 30 s. After 
the procedure was performed on both nerves in the same 
way, the abdominal cavity was closed. In the sham group, 
the surgery was performed by the same method as used in 
the CNCI group but without the CN crushing procedure. 

2. Electrical stimulation of the cavernous nerve 

To quantify erectility after neuropraxia, intracavernous 
pressure (ICP) and mean arterial pressure (MAP) were 
measured in anesthetized rats 12 and 24 weeks after the 
experiment. The left carotid artery was exposed to measure 
MAP, whereby a PE-50 tube filled with 50 IU heparinized 
saline was inserted. ICP was monitored through a 23 G nee- 
dle inserted into the corpus cavernosum after the skin and 
the fascia were removed from the penis. Then, electrical 
stimulation was applied to the CN to induce penile 
erection. This electrical stimulation was performed for 60 
s with a bipolar electrode at 1.5 mA, 20 Hz, and 7.5 V with 
a square-wave duration of 5 ms. MAP and ICP were re- 
corded by using a polygraph. Data were processed with a 



signal processor, and erectile function was quantified by 
ICP-MAP ratio (%) (Fig. 1A). 

3. RNA isolation and reverse transcription- polymerase 
chain reaction 

At the 12th week and 24th week, corpus cavernosal sam- 
ples were dissected, and mRNA samples were isolated for 
RT-PCR for the hypoxia-inducible factor (HIF)l-a and 
SHH mRNA. RT-PCR was performed on separated RNA at 
48°C for 45 minutes. The RNA-cDNA hybrid was degen- 
erated by being cultured at 94°C for 2 minutes. An access 
RT-PCR system (Promega, Madison, WI, USA) was used 
for all processes. PCR products were identified by agarose 
gel electrophoresis and ethidium bromide staining. 

4. Immunohistochemistry 

The amputated corporal tissue was measured by the use 
of NGF, eNOS, nNOS, and a-smooth muscle actin (SMA) 
antibodies by routine immunohistochemistry. Tissue sam- 
ples were made to react to antibodies diluted with antibody 
diluent at 4°C for 24 hours. Immunoreactive materials 
were identified by using avidin-biotin-peroxidase complex 
solution in the Vectastatin ABC kit (Vector Laboratories, 
Burlingame, CA, USA) by using 3,3-diaminobenzidine 
(Zymed Laboratories, San Francisco, CA, USA). 

To quantify apoptosis in penile cavernous tissue, termi- 
nal deoxynucleotidyl transferase-medicated nick-end la- 
beling (TUNEL) staining was performed with an apoptosis 
detection kit (Roche Diagnostica GmbH, Penzberg, Ger- 
many). To perform image analyses, 5 randomly selected re- 
gions from each rat were magnified 400 times, and images 
were analyzed by using Image-Pro Plus 4.1 software 
(Media Cybernetics, Bethesda, MD, USA). 
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FIG. 1. (A) Electrical stimulation of the cavernous nerve to induce penile erection. V: starting point of stimulation, T: maximal point 
of ICP/MAP (%). After stimulation, the ICP/MAP (%) of the CNCI group was lower than that of the sham group. (B) Functional results. 
Erectile function was measured in response to electrical stimulation of the cavernous nerve at 12 weeks or 24 weeks after CNCI. The 
CNCI group at 12 weeks had significantly decreased erectile dysfunction. At 24 weeks, however, the erectile function of the CNCI 
group was improved with no significant difference. The results are expressed as the mean±standard deviation. a : p<0.05. 
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5. Statistical analysis 

Intergroup comparisons were made by using the Mann 
Whitney U Test in SPSS ver. 11.0 (SPSS Inc., Chicago, IL, 
USA), p-values of <0.05 were considered significant. 

RESULTS 



immunohistochemistry. At the 12th week, the CNCI group 
showed a significant decrease in relation to the area of 
staining for eNOS, nNOS, and a-actin in comparison with 
the sham group. In relation to NGF, however, it showed an 
increase (Fig. 3). At the 24th week, no significant changes 
were observed. 



1. Erection physiology studies 

At the 12th week, erectility was significantly lower in the 
CNCI group than in the sham group (51.7% vs. 71.9%; mean 
ICP-BP ratio; p < 0.05). At the 24th week, however, no sig- 
nificant intergroup differences were observed (63.3% vs. 
70.5%; mean ICP-BP ratio; p<0.05) (Fig. IB). 

2. RT-PCR 

The expression of HIF- la and SHH mRNA was analyzed 
by RT-PCR at week 12. The CNCI group showed a sig- 
nificant increase in HIF- la and a decrease in SHH mRNA 
compared with the sham group. At week 24, on the other 
hand, the increase or decrease was diminished (Fig. 2). 

3. Immunohistochemical analysis 

NGF, eNOS, nNOS, and a-actin were analyzed through 



DISCUSSION 

Approximately 50,000 cases of nerve-sparing radical pros- 
tatectomy are performed annually in the United States. 
However, sexually active survivors often complain of erec- 
tile dysfunction (ED) after undergoing surgery [1]. Intrao- 
perative nerve injury causes endothelial damage and im- 
pairs the interaction between the CN and penile tissue, 
which results in atrophy of the corpus cavernosum, the loss 
of neurotransmitters, and fibrosis. Eventually, ED may oc- 
cur [6,7]. 

The term neuropraxia originates from the Seddon classi- 
fication, according to which it is defined as temporary neu- 
romotor paralysis, sometimes with an accompanying neu- 
rosensory or autonomic disturbance. Neuropraxia is the 
mildest nerve injury without rupture of nerves and 
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FIG. 2. Reverse transcription-polymerase chain reaction (RT-PCR) amplification for hypoxia-inducible factor (HIF)- la and sonic 
hedgehog (SHH) mRNA was performed after 12 weeks or 24 weeks. Cavernous nerve crush injury (CNCI) increased the expression 
of HIF-la and decreased the expression of SHH. The densitometry data were normalized by b-actin and expressed as a ratio of sham 
values. a : p<0.05. 
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FIG. 3. Immunohistochemistry at 12 weeks. Representative slides of immunostaining of (B) nerve growth factor (NGF), (C) endothelial 
nitric oxide synthase (eNOS), (D) neuronal nitric oxide synthase (nNOS), and (A) a actin. Expression of NGF is increased, whereas 
that of the others is decreased. The images are at xlOO magnification except for actin (H&E, x40). 



neurilemmas. It may be restored without Wallerian degen- 
eration, which blocks impulse conduction within the nerve 
fiber. This biochemical mechanism is made possible when 
the nerve fiber is injured by concussion or shock. It is in- 
evitable that neuropraxia occurs in the process of a prostate 
operation no matter how careful the operator is, because 
the prostate and the nerve are very close to each other [1] . 

In the physiologic studies conducted during this study, 
at the 12th week, the CNCI group showed a significant de- 
crease in erectility compared with the sham group. The 
ICP-MAP ratio was also lowered. According to the reports 
of recent studies, postoperative ED causes poor cavernosal 



oxygenation and corporal fibrosis, and the final outcome is 
that it causes permanent ED [6,8] . The decrease in penile 
blood flow gives rise to the apoptosis of cavernosal and en- 
dothelial cells, which precludes penile distensibility [9]. At 
24 weeks afterward, no significant intergroup differences 
were observed in relation to erectility. These findings may 
be interpreted to mean that erectile function was restored 
during the period [10] . HIF-la is a transcription of a gene 
encoding protein for controlling oxygen homeostasis. The 
expression of HIF-la increased in the CNCI group, which 
is associated with the hypoxic state related to penile blood 
flow. When an organ reaches the hypoxic state due to a 
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physiological or pathological problem, it triggers cellular 
reactions so as to oxygenate tissue and receive an energy 
source. HIF-la is the transcription factor at the center of 
such reactions [11,12] . The results of RT-PCR showed that 
HIF-la increased significantly at the 12th week, but at the 
24th week, the CNCI group did not show a significant 
increase. In response to the hypoxic state, the human body 
increases oxygen transmission so that each cell may under- 
go corrective or adaptive reactions to induce oxygen homeo- 
stasis [13]. It is presumed that such mechanisms were the 
very reason the expression of HIF-la decreased at the 24th 
week. 

SHH is an essential regulator of penile smooth muscle 
and apoptosis that is critical for normal erectile function 
[14,15] . SHH is synthesized as a 45 to 49 kDa secreted pre- 
cursor that undergoes autoproteolytic cleavage to yield two 
mature proteins: a 19-kDa amino-terminal fragment that 
is cholesterol modified, palmitoylated, and is biologically 
active, and a 25 to 31 kDa carboxy-terminal fragment that 
retains no known biological activity [15,16] . SHH is neces- 
sary during embryogenesis of the penis for both genital tu- 
bercle outgrowth and differentiation [17]. In mice with a 
targeted deletion of SHH, external genitalia are com- 
pletely absent [18] . The SHH pathway functions after birth 
to direct differentiation of corpora cavernosal sinuses [19], 
and in the adult penis, SHH functions to maintain the si- 
nusoid morphology of the corpora cavernosa that it helped 
to establish [19] . When SHH signaling is inhibited in the 
adult penis, there is a significant 12-fold increase in smooth 
muscle apoptosis [14], which alters sinusoidal morphology 
and causes ED. In this study, the expression of SHH de- 
creased at the 12th week, but at the 24th week, the decrease 
tended to be restored, which might come from recovery. 
NGF induces the expression of NOS, whereas a product, 
NO, intervenes in the differentiation of nerve cell 
terminals. Given this fact, it is deemed that when the nerve 
is injured, NO interacts with neurotrophic factors to bring 
penile erectile tissue to functional perfection [1]. This im- 
plies that intracellular components such as eNOS and 
nNOS are concerned with ED through CNCI or the endo- 
thelial injury. In the immunohistologic analysis per- 
formed during this study, at the 12th week, the CNCI 
group showed a significant decrease in NGF, eNOS, and 
nNOS compared with the SH group. At the 24th week, the 
decrease decelerated, but it was not statistically 
significant. 

CONCLUSIONS 

The results of this study suggest that ED is associated with 
erectile dysfunction caused by CNCI-related neuropraxia, 
inflammatory response, and local hypoxia caused by the ex- 
pression of modified genes and proteins. In addition, our 
results suggest that 6 months after CNCI, erectile function 
may be spontaneously restored to a significant degree. 
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